Abstract: Sargassum glaucescens is a marine brown alga with high antioxidant activity. To evaluate the potential application of Sargassum glaucescens extracts (SGE) in skincare, we performed in vitro assays in dermal fibroblasts and epidermal keratinocytes. The antioxidant activity of SGE was confirmed by the suppression of H 2 O 2 -induced reactive oxygen species (ROS) production in dermal fibroblasts and in vitro 1,1-diphenyl-2-picrylhydrazyl (DPPH) scavenging activity. In the wound healing assay, application of 2 mg/ml SGE stimulated the wound closure of CCD-966SK fibroblasts by a 2.95-fold in comparison to the control. Furthermore, treatment with SGE of concentrations ranging from 0.25 to 1 mg/ml promoted CCD-966SK cell regeneration after UVA irradiation. At the molecular level, 1 mg/ml SGE induced expressions of anti-oxidative genes SOD1 (Superoxide dismutase 1) and GPX1 (Glutathione peroxidase 1), and DNA repair regulatory genes XRCC1 (X-ray repair cross-complementing protein 1) and ERCC6 (Excision repair cross-complementation Group 6) in CCD-966SK cells after UVA irradiation. Therefore, SGE displayed beneficial effects on cell regeneration and the protection of dermal cells against UVA irradiation. In epidermal cells, SGE stimulated the cell proliferation of human primary epidermal keratinocytes. Application of 0.03125 mg/ml SGE induced the expressions of skin barrier-related genes TGM1 (Transglutaminase 1), KRT10 (Keratin 10) and KRT14 in keratinocytes. Meanwhile, SGE induced the gene expression of FLG (Filaggrin), which promoted the production of natural moisturizing factor (NMF) for maintaining the moisture and barrier functions of skin.
Introduction
Marine algae are rich in metabolites that can be used to reduce oxidative stress and prevent skin aging. These metabolites include mycosporine-like amino acids (MAAs), polysaccharides, sulfated polysaccharides and polyphenols [1] . Brown seaweed Sargassum spp., which are marine macroalgae widely distributed in temperate and subtropical zones [2] , have been found to contain high amounts of phenolic compounds and exhibit strong antioxidant activity [3] . Besides, Sargassum spp. are rich in the omega (ω)-3 fatty acids involving eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) that contribute to the normal function of the heart [4] .
Based on the contributions of algae nutrients on human health, we are interested in the application of S. glaucescens extracts in skincare. Skin aging is extrinsically induced by exposure to UV light and smoking [5, 6] . UV irradiation results in photo-damage of the skin, with the aging signs of wrinkles, collagen degradation, coarseness, dryness, mottled pigmentation, increased epidermal thickness and so on [7] . UV irradiation induces the formation of intracellular reactive oxygen species (ROS), which triggers inflammation and causes dermal protein damage [8] . In UV-irradiated human dermal fibroblasts, Sargachromanol E isolated from Sargassum horneri was able to increase the scavenging activity against ROS in a dose-dependent manner, and protect cell membranes from oxidative modification of proteins and lipids [9, 10] . Treatment of Sargachromanol E suppressed the expression levels of collagen-degrading matrix metalloproteinases (MMPs) and elevated the tissue inhibitor of metalloproteinases (TIMPs), indicating its potential in maintaining collagen fibers in skin. Another case of Sargassum fulvellum was reported showing that its ethylacetate fraction of ethanol extract inhibited UVB-induced cytotoxicity and proinflammatory protein expressions in HaCaT keratinocytes [11] . Besides antioxidant activity, polysaccharides isolated from Sargassum horneri exhibited strong in vitro moisture-absorption and -retention capacities [12] . These studies implied that Sargassum spp. were good sources of cosmeceutical molecules with efficient bioactivities in anti-photoaging and moisturization in skin.
Sargassum glaucescens is one of the most abundant species of algae on the rocky coasts of Taiwan. S. glaucescens has been considered a good source for fucoidan extraction [13] . As a sulfated polysaccharide, Fucoidan is used in dietary supplements for its potential antioxidant, antibacterial, anticancer, antiangiogenic and anti-inflammatory effects [14] [15] [16] [17] [18] . However, the seasonal variation will cause compositional changes in minerals, amino acids, fatty acids, alginate and fucoidan contents in Sargassum [19] [20] [21] [22] . The thallus growth and the stand biomass of S. glaucescens peaked in spring, as well as the antioxidant activity. The spring S. glaucescens possessed five-fold higher DPPH scavenging activity than autumn-winter S. glaucescens (data unpublished). Up to now, limited research has been conducted on the applications of S. glaucescens in anti-photoaging or the improvement of skin properties.
In this study, we aimed to evaluate the probable use of S. glaucescens extracts in cosmeceutical industries. In order to unravel the role of S. glaucescens extracts in the anti-aging of skin, we chose spring algae as materials to obtain the highest antioxidant activity. Our investigation focused on the anti-UV irradiation and moisture-preserving potency of spring S. glaucescens extract. With these preliminary data, we provided useful information and further insights on the application of spring S. glaucescens extract in skincare.
Materials and Methods

Cell Lines and Chemicals
CCD-966SK (CRL-1881) cell line was derived from the American Type Culture Collection (Manassas, VA, USA). Human primary epidermal keratinocyte was purchased from CELLnTEC (CELLnTEC Advanced Cell Systems AG, Bern, Switzerland). All cell culture media and reagents including MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] were purchased from Sigma-Aldrich (St. Louis, MO, USA) or Gibco (Thermo Fisher Scientific, Inc., Carlsbad, CA, USA) and were of reagent grade or cell-culture grade.
Preparation of Extracts
Fresh Sargassum glaucescens was collected from the coast of Penghu County, Taiwan in March. S. glaucescens was extracted following the hot-water extract method proposed by Hwang et al. [23] with modifications. Seaweed was washed and dried in a dryer at 40 • C for 90 min. The dried sample was ground into powder with a blender and then subjected to the dryer at 50 • C for 10 min. The dried seaweed was treated with distilled water in the proportion of 100 g powder in 5 L water, and boiled at 100 • C for 30 min. The extracts were centrifuged at 4500 rpm for 20 min, and the supernatant was freeze-dried at −20 • C under a reduced pressure of 2 mmHg. The S. glaucescens extract (SGE) was stored at −20 • C for further use. The working solution was prepared by dissolving the extract in distilled water.
Quantification of Intracellular Reactive Oxygen Species (ROS) Levels
The intracellular accumulation of ROS was analyzed by using 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA, SI-D6883, Sigma-Aldrich, St. Louis, MO, USA) and measured by flow cytometry. DCFH-DA can easily diffuse into cells and be deacetylated by cellular esterases to form non-fluorescent 2',7'-dichlorodihydrofluorescein (DCFH), which will be rapidly oxidized by ROS to form highly fluorescent 2',7'-dichlorofluorescein (DCF). CCD-966SK fibroblasts were seeded in a 6-well plate at a density of 2 × 10 5 cells with 2 ml culture medium per well and incubated at 37 • C for 24 hours. The MEM medium for the cell culture was renewed with mock reagent, 1 mM H 2 O 2 , 1 mM H 2 O 2 + 0.125 mg/ml SGE or 1 mM H 2 O 2 + 0.25 mg/ml SGE, and then the cells were incubated at 37 • C for 1 hour. 5 µg/ml DCFH-DA was added to each well and the culture plate was incubatet at 37 • C for 15 min. The cells were washed with 1×PBS, harvested and re-suspended in the dark. The fluorescence intensity was monitored by a CytoFLEX Flow Cytometer (Beckman Coulter, Inc., Indianapolis, IN, USA) using excitation wavelengths of 450-490 nm and emission wavelengths of 510-550 nm. The ROS production levels were expressed as a percentage considering the fluorescence value of 1 mM H 2 O 2 -treated group as 100%.
DPPH Radical Scavenging Activity
The DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging activity was determined according to the method of Shimada et al. (1992) with modifications [24] . One hundred microliters of sample was added to 100 µl of 0.2 mM DPPH solution (in methanol). The mixture was vortexed for 1 min and kept in the dark for 30 min at room temperature. The absorbance (Abs) of all sample solutions was measured at 517 nm using an ELISA reader. The scavenging activity of DPPH radicals was calculated as follows: Scavenging activity (%) = 100 × [(Abs Sample + DPPH )-(Abs Sample Blank )]/[(Abs DPPH ) − (Abs Solvent )]. The IC50 values (concentration of SGE capable of scavenging 50% of DPPH) were calculated based on the calibration line generated by the DPPH scavenging activity at different concentrations.
Wound Healing Assay
In vitro wound scratch assay was performed as described in Yarrow et al. [25] with modifications. Briefly, CCD-966SK cells were grown to 80% confluence in 24-well plates. The scratching was performed by scraping with a sterile 1-ml pipette tip across the center of the well, followed by incubation with media only (mock) or with 2 mg/ml of SGE in culture media for 17 h. The wound closures were subsequently photographed under a microscope (Eclipse Ti-U, Nikon Corporation, Tokyo, Japan) using a CCD digital camera. Cell migration was analyzed by Image J (image processing and analysis in Java: https://imagej.nih.gov/ij/download.html) and expressed as percent wound coverage by cells moving into the scratched wound area. Cell migration data were expressed as the percent wound coverage.
Cell Viability Assay
For UVA resistance, human skin fibroblasts CCD-966SK (5 × 10 3 /well) were seeded in 96-well plates and incubated at 37 • C for 24 hours. Cells were irradiated before treatment of SGE with concentrations of 0.0625, 0.125, 0.25, 0.5, 1 mg/ml, and then incubated at 37 • C for 24 hours. Cells were irradiated with UVA for 1 hour in the Bio-Link 365 UV irradiation system (Vilber Lourmat, Marne-la-Vallée, France) at a dose of 15 J/cm 2 [26] using UVA lamps with a peak wavelength of 365nm. This condition would cause LD50 (Lethal Dose, 50%), which presents the dose of ionizing radiation leading to the death of half the number (50%) of cells. Set up sample plates without UVA irradiation or SGE treatment as controls. Cell viability was assessed through MTT assay. Briefly, 15 µl of MTT (Sigma; 4 mg/ml) was added and the cells were incubated for an additional 4 hours. The medium was removed and 50 µl /well of DMSO was added to resolve formazan crystal. The plate was placed on the shaker and incubated for 10 min and the absorbance was measured at 570 nm. Cell viability in response to treatment was calculated as: Cell viability (%) = (OD sample / OD control ) × 100%.
For human primary epidermal keratinocytes, the cell viability assay was carried out using Cell Proliferation ELISA, BrdU Colorimetric kit (Roche, Roche Applied Science, Mannheim, Germany) at room temperature. Cells were seeded at a density of 3 × 10 3 cells/well in a 96-well plate with incubation at 37 • C for 2 hours. Cells were treated with 0, 0.0625 or 0.03125 mg/ml of SGE and 10 µl of 100 µM BrdU in a volume of 100 µl medium per well for 24 hours. The medium was removed and cells were incubated with 200 µl of FixDenat per well (vial 2) for 30 min. The FixDenat solution was removed and cells were washed with 1×PBS once. Cells in each well were incubated with 100 µl of anti-BrdU-POD working solution (the dilution ratio of vial 3 to vial 4 equalled 1:100) for 90 min. The antibody conjugate was removed and cells were washed three times with 200-300 µl of washing solution. Cells were incubated with 100 µl of substrate solution (vial 6) for 5-30 min. 25 µl of 1M H 2 SO 4 was added to each well and the plates were incubated on the shaker at 300 rpm for 1 min. The absorbance of the samples was measured in an ELISA reader at 450 nm.
Quantification of Gene Expressions by Real-Time PCR
The treated CCD-966SK fibroblasts or human primary epidermal keratinocytes were harvested, and total RNA was isolated from cells using an RNA purification kit (Geneaid, Taiwan). DNA-free total RNA was reversely transcribed to cDNA using a SuperScript™ Reverse Transcriptase kit (Invitrogen, Life Technologies Co., CA, USA). Quantitative real-time PCR was conducted using an ABI StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific, Inc., CA, USA) and the SYBR Green Master Mix (KAPA Biosystems, MA, USA) for transcript measurements. The reaction mixture was cycled as follows: One cycle at 95 • C for 20 s, then 40 cycles of 95 • C (1 s), 60 • C (20 s), and plate reading was conducted after each cycle. The melting curves of the PCR products were analyzed during the quantitative real-time PCR. The gene-specific primers used in this study are listed in Table 1 . The GAPDH gene was used as a normalization control. Data were analyzed using the ABI StepOne™ Software v2.2.3 (Thermo Fisher Scientific, Inc., Carlsbad, CA, USA). All PCR assays were performed in duplicate three times. Table 1 . Real-time quantitative PCR primers used in this study.
Gene Name
Primer Name Primer Sequence Gene Function
Statistical Analysis
All values were expressed as mean ± SD. The statistical significance of the differences between two sample populations was determined by an unpaired two-tailed Student's t-test. Statistical significance was considered at P value < 0.05.
Results and Discussion
Antioxidant and Wound Healing Activities of SGE
The Free Radical Scavenging Activities of SGE
Sargassum species are a rich source of natural antioxidants. Methods commonly used to determine the antioxidant activities of Sargassum species include DPPH (1,1-diphenyl-2-picryl hydrazyl) radical scavenging, NO scavenging, lipid peroxide inhibition and hydrogen peroxide (H 2 O 2 ) radical scavenging assays [27] [28] [29] [30] [31] . The effect of SGE on intracellular ROS levels of CCD-966SK fibroblasts was shown in Fig. 1A . Treatment with 1 mM of H 2 O 2 significantly increased intracellular ROS levels (defined as 100%). Pretreatment with 0.125 mg/ml of SGE blocked the increase of intracellular ROS generation induced by H 2 O 2 stimulation (77%, P < 0.001). Furthermore, the increase of SGE concentration to 0.25 mg/ml reduced intracellular ROS levels to 60% compared with that induced by 1 mM H 2 O 2 without SGE pretreatment (P < 0.001). Since treatment with 2 mg/ml SGE did not result in significant cytotoxicity in dermal fibroblasts in the following assays, we supposed that dosages higher than 0.25 mg/ml would confer a better suppression effect in the intracellular ROS generation. The scavenging effects of SGE on DPPH free radicals are shown in Fig. 1B by using 0, 0.3125, 0.625, 1.25, 2.5, 5 and 10 mg/ml of SGE. SGE exhibited DPPH scavenging properties in a dose-dependent manner. Use of 10 mg/ml of SGE reached 92.8% of DPPH scavenging activity. The IC50 value of SGE on DPPH radical scavenging activity was 2.31 mg/ml ( Figure 1B) .
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Sargassum species are a rich source of natural antioxidants. Methods commonly used to determine the antioxidant activities of Sargassum species include DPPH (1,1-diphenyl-2-picryl hydrazyl) radical scavenging, NO scavenging, lipid peroxide inhibition and hydrogen peroxide (H2O2) radical scavenging assays [27] [28] [29] [30] [31] . The effect of SGE on intracellular ROS levels of CCD-966SK fibroblasts was shown in Fig. 1A . Treatment with 1 mM of H2O2 significantly increased intracellular ROS levels (defined as 100%). Pretreatment with 0.125 mg/ml of SGE blocked the increase of intracellular ROS generation induced by H2O2 stimulation (77%, P < 0.001). Furthermore, the increase of SGE concentration to 0.25 mg/ml reduced intracellular ROS levels to 60% compared with that induced by 1 mM H2O2 without SGE pretreatment (P < 0.001). Since treatment with 2 mg/ml SGE did not result in significant cytotoxicity in dermal fibroblasts in the following assays, we supposed that dosages higher than 0.25 mg/ml would confer a better suppression effect in the intracellular ROS generation. The scavenging effects of SGE on DPPH free radicals are shown in Fig. 1B by using 0, 0.3125, 0.625, 1.25, 2.5, 5 and 10 mg/ml of SGE. SGE exhibited DPPH scavenging properties in a dose-dependent manner. Use of 10 mg/ml of SGE reached 92.8% of DPPH scavenging activity. The IC50 value of SGE on DPPH radical scavenging activity was 2.31 mg/ml ( Figure 1B ). The DPPH radical scavenging activity was evaluated by using 0, 0.3125, 0.625, 1.25, 2.5, 5 and 10 mg/ml of SGE. SGE exhibited DPPH scavenging properties in a dose-dependent manner. ***, P < 0.001 versus 1 mM H 2 O 2 . SGE, Sargassum glaucescens extracts.
SGE Stimulated CCD-966SK Fibroblast Migration in the Wound Healing Assay
We next determined whether SGE stimulated dermal fibroblast migration. A wound healing assay showed that wound coverage was significantly increased in cells treated with 2 mg/ml SGE (Figure 2a,b) . The wound healing efficiency enhanced 295% in SGE-treated CCD-966SK cells when compared to the control. The components of Sargassum species has been proven to be effective in anti-angiogenesis by inhibiting cancer cell migration and proliferation in the wound healing assay [17, 32] . However, our data showed that SGE could be potentially used in repairing the wound of dermal fibroblasts.
We next determined whether SGE stimulated dermal fibroblast migration. A wound healing assay showed that wound coverage was significantly increased in cells treated with 2 mg/ml SGE (Figure 2a,b) . The wound healing efficiency enhanced 295% in SGE-treated CCD-966SK cells when compared to the control. The components of Sargassum species has been proven to be effective in anti-angiogenesis by inhibiting cancer cell migration and proliferation in the wound healing assay [17, 32] . However, our data showed that SGE could be potentially used in repairing the wound of dermal fibroblasts. Figure 2 . SGE stimulated CCD-966SK fibroblast migration in the wound healing assay. (A) Cells were grown to confluence and an in vitro wound was produced using a sterile pipette tip, followed by incubation with 2 mg/ml SGE or not (Mock) for 17 hours. Black dashed lines represent the initial scratch and red lines represent the migration front. (B) The coverage of scratch wound area in percent relative to initial wound area after a 17-hour SGE treatment (black bar) or not (Mock, white bar) was calculated. The percent of wound coverage was measured using a scan image. Histograms indicated the wound healing efficiency of 2 mg/ml SGE relative to Mock (100%). SGE, Sargassum glaucescens extracts. ***, P < .001 versus Mock. SGE, Sargassum glaucescens extracts.
Anti-Photoaging Activities Of SGE in Dermal Fibroblasts
SGE Recovered CCD-966SK Cell Regeneration after UVA Irradiation
Sargassum species contain functional ingredients such as fucoxanthin that protects the body against oxidative damage [33] . We examined the potential of SGE in the cell recovery ability of dermal fibroblasts against UVA irradiation. Under the treatment of 0.25, 0.5 and 1 mg/ml of SGE after UVA irradiation, the cell viability increased approximately 20% in CCD-966SK cells when compared with that of untreated irradiated cells (Figure 3) . However, administration concentrations lower than 0.125 mg/ml did not recover the cell viability. Based on this result, we suggested that SGE with concentrations above 0.25 mg/ml possessed the ability to promote fibroblast regeneration and could be applied after UVA irradiation. Figure 2 . SGE stimulated CCD-966SK fibroblast migration in the wound healing assay. (A) Cells were grown to confluence and an in vitro wound was produced using a sterile pipette tip, followed by incubation with 2 mg/ml SGE or not (Mock) for 17 hours. Black dashed lines represent the initial scratch and red lines represent the migration front. (B) The coverage of scratch wound area in percent relative to initial wound area after a 17-hour SGE treatment (black bar) or not (Mock, white bar) was calculated. The percent of wound coverage was measured using a scan image. Histograms indicated the wound healing efficiency of 2 mg/ml SGE relative to Mock (100%). SGE, Sargassum glaucescens extracts. ***, P < 0.001 versus Mock. SGE, Sargassum glaucescens extracts.
Anti-Photoaging Activities Of SGE in Dermal Fibroblasts
SGE Recovered CCD-966SK Cell Regeneration after UVA Irradiation
Sargassum species contain functional ingredients such as fucoxanthin that protects the body against oxidative damage [33] . We examined the potential of SGE in the cell recovery ability of dermal fibroblasts against UVA irradiation. Under the treatment of 0.25, 0.5 and 1 mg/ml of SGE after UVA irradiation, the cell viability increased approximately 20% in CCD-966SK cells when compared with that of untreated irradiated cells (Figure 3) . However, administration concentrations lower than 0.125 mg/ml did not recover the cell viability. Based on this result, we suggested that SGE with concentrations above 0.25 mg/ml possessed the ability to promote fibroblast regeneration and could be applied after UVA irradiation. . SGE was able to recover dermal fibroblasts from UVA irradiation by the treatment concentrations of 0.25, 0.5 and 1 mg/ml. **, P < 0.01 versus +UVA; ***, P < 0.001 versus +UVA. SGE, Sargassum glaucescens extracts.
SGE Induced Antioxidant Gene Expressions in CCD-966SK Cell after UVA Irradiation
To alleviate and repair the damage caused by ROS, three primary antioxidant enzymes including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX) would be activated by mammalian cells to develop an antioxidant defense system [34] . In the ROS-mediated oxidative stress, DNA damages are repaired by functionally important X-ray repair cross-complementing protein 1 (XRCC1) and excision repair cross-complementing complementation group 6 (ERCC6) [35] [36] [37] . To assess the effects of SGE on antioxidant activity, we analyzed anti-oxidative genes SOD1 and GPX1, and DNA repair regulatory genes XRCC1 and ERCC6 in CCD-966SK fibroblasts after UVA irradiation. As shown in Figure 4 , the expression levels of SOD1 and ERCC6 were elevated only in the presence of 1 mg/ml SGE, whereas the expression of GPX1 and XRCC1 were significantly increased under the SGE treatment of both concentrations of 0.5 and 1 mg/ml. In summary, SGE exhibits protective effects against UVA irradiation-induced oxidative stress and DNA damage by upregulating the gene expression levels of SOD1, GPX1, XRCC1 and ERCC6.
Nowadays, photoprotection with natural product extracts may represent an effective strategy for skin protection without complicated synthesis or purification procedures. Most basically, to be one of the candidates, S. glaucescens can be extracted by simple, reactant-saving and low pollution procedures [13] . Although the production of brown algae is sufficient in Taiwan on a commercial scale, the biomass and functional component accumulations of S. glaucescens limitedly peak in spring. Among seaweeds, brown algae have revealed their superior antioxidant activity over red and green algae, and even greater than that of the synthetic antioxidant butylated hydroxytoluene (BHT) [38] . Compared to other brown seaweeds, SGE in this study showed a better IC50 value on DPPH radical scavenging activity (2.31 mg/ml), than that of fucoidan extracted from the brown algae Laminaria japonica (3.7 mg/ml) [39] , and that of fucoidan extracted from S. glaucescens by the compressional-puffing-hydrothermal extraction (CPHE) process (4.27-5.15 mg/ml) [13] . Based on these facts, the synergistical work of bioactive compounds in SGE may confer higher antioxidant and anti-photoaging activities than a single compound. . SGE recovered CCD-966SK cell regeneration after UVA irradiation. Cells were pretreated with UVA for 1 hour (+UVA, grey bar), and then treated with 0.0625, 0.125, 0.25, 0.5 or 1 mg/ml of SGE (black bars), or left untreated as negative control (−UVA, white bar, 100%). SGE was able to recover dermal fibroblasts from UVA irradiation by the treatment concentrations of 0.25, 0.5 and 1 mg/ml. **, P < 0.01 versus +UVA; ***, P < 0.001 versus +UVA. SGE, Sargassum glaucescens extracts.
Nowadays, photoprotection with natural product extracts may represent an effective strategy for skin protection without complicated synthesis or purification procedures. Most basically, to be one of the candidates, S. glaucescens can be extracted by simple, reactant-saving and low pollution procedures [13] . Although the production of brown algae is sufficient in Taiwan on a commercial scale, the biomass and functional component accumulations of S. glaucescens limitedly peak in spring. Among seaweeds, brown algae have revealed their superior antioxidant activity over red and green algae, and even greater than that of the synthetic antioxidant butylated hydroxytoluene (BHT) [38] . Compared to other brown seaweeds, SGE in this study showed a better IC50 value on DPPH radical scavenging activity (2.31 mg/ml), than that of fucoidan extracted from the brown algae Laminaria japonica (3.7 mg/ml) [39] , and that of fucoidan extracted from S. glaucescens by the compressional-puffing-hydrothermal extraction (CPHE) process (4.27-5.15 mg/ml) [13] . Based on these facts, the synergistical work of bioactive compounds in SGE may confer higher antioxidant and anti-photoaging activities than a single compound. , and then treated with 0.5 or 1 mg/ml of SGE (dark grey and black bars), or left untreated as a negative control (Mock, white bar). Cells were harvested for total RNA isolation and expression detection for SOD1, GPX1, XRCC1 and ERCC6. *, P < 0.05 versus +UVA; **, P < 0.01 versus +UVA; ***, P < 0.001 versus +UVA. SGE, Sargassum glaucescens extracts.
Protective Effects of SGE in Keratinocytes and Skin Barrier
SGE Stimulated the Cell Proliferation of Human Primary Epidermal Keratinocytes
Epidermal keratinocytes serve as a barrier to retain water within the body and prevent the entry of infectious organisms or chemical agents [40] . To examine the SGE effects on keratinocytes proliferation, we performed a cell viability assay on human primary epithelial keratinocytes. By applying 0.0625 and 0.03125 mg/ml of SGE, keratinocytes revealed an approximately 20% increase in cell proliferation in comparison to the control ( Figure 5 ). Figure 5 . SGE stimulated the cell proliferation of human primary epidermal keratinocytes. Cells were treated with 0.03125, 0.0625 mg/ml of SGE, or left untreated as a control (Mock, white bar, 100%). Both 0.03125 mg/ml (grey bar) and 0.0625 mg/ml (black bar) of SGE were able to enhance cell viability after a 24-hour treatment. **, P < 0.01 versus Mock; ***, P < 0.001 versus Mock. SGE, Sargassum glaucescens extracts. Cells were pretreated with UVA for 1 hour (+UVA, light grey bar), and then treated with 0.5 or 1 mg/ml of SGE (dark grey and black bars), or left untreated as a negative control (Mock, white bar). Cells were harvested for total RNA isolation and expression detection for SOD1, GPX1, XRCC1 and ERCC6. *, P < 0.05 versus +UVA; **, P < 0.01 versus +UVA; ***, P < 0.001 versus +UVA. SGE, Sargassum glaucescens extracts.
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SGE Induced Expressions of Skin Barrier-Related Genes in Human Primary Epidermal Keratinocytes
Keratins are the major cytoskeletal scaffolding proteins of all epithelia, which are a diverse group of fibrous proteins. Distinct keratin pairs are responsible for the divergent epithelial functions for the protection of epithelial cells against mechanical stress [41, 42] . Human KRT10 and KRT14 are type I keratins of epithelial keratinocytes. KRT14 paired with KRT5 forms bundled filaments in the basal layer, while KRT10/ KRT1 forms filaments in the suprabasal layers and KRT10/ KRT2 forms filaments in the uppermost layers [43, 44] . The keratin fibers are cross-linked by the transglutaminase (TGM) enzyme, and bundled into macrofibrils through their association with filaggrin (FLG) to form a protective barrier between the body and its environment. Not only a key protein of the skin barrier, filaggrin is also essential for stratum corneum hydration. Processing of filaggrin proteins produces hygroscopic amino acids and their derivatives, known as natural moisturizing factor (NMF), which helps maintain hydration of the skin [45] . To determine the effects of SGE on the functions of the skin barrier, we analyzed the gene expressions of TGM1, KRT10, KRT14 and FLG. As shown in Figure 6 , the expression levels of TGM1, KRT10 and FLG were all significantly elevated after the treatment of 0.03125 mg/ml SGE for 6 hours or 12 hours. Although KRT14 mRNAs were not increased after a 6-hour SGE treatment, extension of the treatment period to 12 hours conferred a mild elevation in expression. Based on these results, SGE is potentially involved in promoting the production of keratin fibers and the crosslinking enzyme, which strengthens the protective barrier. Additionally, SGE was able to stimulate the gene expression of FLG and therefore could produce abundant NMF for moisture-retention in skin.
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Keratins are the major cytoskeletal scaffolding proteins of all epithelia, which are a diverse group of fibrous proteins. Distinct keratin pairs are responsible for the divergent epithelial functions for the protection of epithelial cells against mechanical stress [41, 42] . Human KRT10 and KRT14 are type I keratins of epithelial keratinocytes. KRT14 paired with KRT5 forms bundled filaments in the basal layer, while KRT10/ KRT1 forms filaments in the suprabasal layers and KRT10/ KRT2 forms filaments in the uppermost layers [43, 44] . The keratin fibers are cross-linked by the transglutaminase (TGM) enzyme, and bundled into macrofibrils through their association with filaggrin (FLG) to form a protective barrier between the body and its environment. Not only a key protein of the skin barrier, filaggrin is also essential for stratum corneum hydration. Processing of filaggrin proteins produces hygroscopic amino acids and their derivatives, known as natural moisturizing factor (NMF), which helps maintain hydration of the skin [45] . To determine the effects of SGE on the functions of the skin barrier, we analyzed the gene expressions of TGM1, KRT10, KRT14 and FLG. As shown in Figure 6 , the expression levels of TGM1, KRT10 and FLG were all significantly elevated after the treatment of 0.03125 mg/ml SGE for 6 hours or 12 hours. Although KRT14 mRNAs were not increased after a 6-hour SGE treatment, extension of the treatment period to 12 hours conferred a mild elevation in expression. Based on these results, SGE is potentially involved in promoting the production of keratin fibers and the crosslinking enzyme, which strengthens the protective barrier. Additionally, SGE was able to stimulate the gene expression of FLG and therefore could produce abundant NMF for moisture-retention in skin. Figure 6 . SGE induced moisturizing-related gene expressions in human primary epidermal keratinocytes. Cells were treated with 0.03125 mg/ml SGE for 6 hours (grey bar) or 12 hours (black bar), or left untreated for 12 hours as a control (Mock, white bar). After treatment, cells were harvested for TGM1, KRT10, KRT14 and FLG gene expression analysis. **, P < 0.01 versus Mock; ***, P < 0.001 versus Mock. SGE, Sargassum glaucescens extracts.
In conclusion, we evaluated the antiaging activity and hydration-retention potential of Sargassum glaucescens extracts in skin cells. We demonstrated that SGE protected dermal fibroblasts against oxidative stress and the damages from UVA irradiation, probably through the regulation of antioxidant and DNA repair-related gene expressions. SGE repaired the scratch wound of dermal fibroblasts by promoting cell proliferation. In epidermal keratinocytes, SGE stimulated cell viability and cytoskeletal scaffolding-related gene expressions. We also observed the potential use of SGE in promoting NMF production in keratinocytes. Our preliminary studies demonstrated a novel potentiality of SGE for promoting moisture-retention and anti-photoaging of skin. The desire for Figure 6 . SGE induced moisturizing-related gene expressions in human primary epidermal keratinocytes. Cells were treated with 0.03125 mg/ml SGE for 6 hours (grey bar) or 12 hours (black bar), or left untreated for 12 hours as a control (Mock, white bar). After treatment, cells were harvested for TGM1, KRT10, KRT14 and FLG gene expression analysis. **, P < 0.01 versus Mock; ***, P < 0.001 versus Mock. SGE, Sargassum glaucescens extracts.
In conclusion, we evaluated the antiaging activity and hydration-retention potential of Sargassum glaucescens extracts in skin cells. We demonstrated that SGE protected dermal fibroblasts against oxidative stress and the damages from UVA irradiation, probably through the regulation of antioxidant and DNA repair-related gene expressions. SGE repaired the scratch wound of dermal fibroblasts by promoting cell proliferation. In epidermal keratinocytes, SGE stimulated cell viability and cytoskeletal scaffolding-related gene expressions. We also observed the potential use of SGE in promoting NMF production in keratinocytes. Our preliminary studies demonstrated a novel potentiality of SGE for promoting moisture-retention and anti-photoaging of skin. The desire for natural agents in anti-photoaging and beauty has led to a growing trend in adding natural antioxidants to skincare products. Thus, in the present study, we discussed SGE for cosmetic applications. To optimize the efficacy and use of SGE in innovative formulations, we will engage in a safety assessment in human skin, for example, by patch testing, and conducting further human clinical trials. Meanwhile, the incorporation of other natural ingredients in the formulations for a synergetic work will be essential for an optimal photoprotecting and moisturizing effect. Funding: This research received no external funding.
